JFCR39 is an informatic anticancer drug discovery system that utilizes a panel of 39 human cancer cells coupled with a drug-activity database. This system not only provides disease-oriented information but can also predict the mechanism of action of a given antitumor agent. Development of a phosphatidylinositol 3-kinase (PI3K) inhibitor as an anticancer drug candidate has attracted a great deal of attention from both academia and industry because PI3K is known to be closely involved in carcinogenesis. ZSTK474 was identified as a PI3K inhibitor using JFCR39 system in combination with COMPARE analysis program. These findings were based on the similar fingerprint (growth inhibition profiles for JFCR39 human cancer cell line panel) with that of a classical PI3K inhibitor LY294002. Biochemical experiments confirmed ZSTK474 to be a potent pan-class I PI3K inhibitor, with high selectivity over other classes of PI3K and protein kinases. We previously reported the in vitro and in vivo antitumor efficacy of ZSTK474, together with the G 0 /G 1 arrest and antiangiogenic activity. Here, we review the JFCR39 system and summarize recent studies on PI3K biology and the development of PI3K inhibitors before discussing ZSTK474 in some detail.
JFCR39 (Japanese Foundation for Cancer
system, an informatic anticancer drug discovery system for molecular target identification JFCR39 is an informatic anticancer drug screening system we established in the early 1990s by utilizing a human cancer cell line panel JFCR39 coupled with a drug-activity database [1] [2] [3] [4] . This system was developed based on the NCI60 system [5] with some modifications [4] . The JFCR39 system [4] includes 30 cell lines in NCI60 together with 6 stomach cancer cell lines displaying high incidence in Japan, and 3 breast cancer cell lines (HBC-4, HBC-5, and BSY-1) established by the JFCR (Japanese Foundation for Cancer Research) (see Table 1 ).
One important function of JFCR39 is to provide diseaseoriented information for personalized cancer chemotherapy, based on the differential growth inhibition activity of a certain antitumor agent against the 39 cancer cell lines. Inhibition of cell growth is assessed by the sulforhodamine B (SRB) assay, which determines the change in total cellular protein follow-ing 48 h of treatment with the antitumor agent [1, 2, 6] . The molar concentration of the agent required for 50% growth inhibition (GI50) of each cell in JFCR39 is then obtained [1, 7] , and the Table 1 . Cell lines in JFCR39 panel. The cell lines typed in italics are established in JFCR, and those underlined are cell lines of stomach cancers with high incidence in Japan.
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Number of Cell line cell lines [8] . Another application of the JFCR39 system is to identify the mechanism of action or molecular target of an antitumor agent. The action mechanism of a drug candidate can be predicted by comparing its fingerprint with those of anticancer drugs or chemical tools with a known mechanism using the COMPARE algorithm, because the fingerprint represents the whole inhibition profiles of the related targets in the cells [1, 4] . The COMPARE analysis is performed by calculating the Pearson correlation coefficient (r) between the GI50 mean graphs of two compounds X and Y using the following formula:
, where x i and y i are Log GI50 of the two compounds, respectively, for each cell line, and x m and y m are the mean values of x i and y i , respectively (n=39) [1, 8] . The r value is then used to determine the degree of similarity, ie, the higher the r value is, the greater the similarity of X with Y. Generally, an r value of more than 0.5 between two agents suggests that two agents have a similar action mechanism, whereas a value of >0.8 suggests they have the same mechanism of action. Interestingly, we recently found that the difference of r value between 0.5 and 0.8 might reflect the different target specificity between two phosphatidylinositol 3-kinase (PI3K) inhibitors [9] . So far, utilizing the JFCR39 system we have succeeded in predicting the action mechanisms of MS-247 (topoisomerase inhibitor), FJ5002 (telomerase inhibitor), ZSTK474 (PI3K inhibitor), and other antitumor compounds [1, 10, 11] . ZSTK474 is a very promising anticancer drug candidate that has been approved for clinical trials.
PI3K, a promising molecular target for cancer chemo therapy
PI3Ks are a family of lipid kinases that phosphorylate the 3'-OH of phosphoinositides ( Figure 1 ) [12] [13] [14] . PI3Ks are divided into three classes based on their primary structure and in vitro substrate specificity [15, 16] . Class I PI3Ks are heterodimeric kinases as complexes of a catalytic subunit p110 with a regulatory subunit p85, p101, or p84. This class of PI3K preferentially phosphorylates PIP2 (phosphatidylinositol 4,5-bisphosphate) to generate PIP3 (phosphatidylinositol 3,4,5-trisphosphate) (Figure 1 ). Class II PI3Ks contain three members including PI3KC2α, PI3KC2β, and PI3KC2γ, which phosphorylate phosphatidylinositol (PI) and phosphatidylinositol 4-phosphate (PIP). This class of PI3K has no regulatory subunit and is known to be involved in membrane trafficking and receptor internalization [17] . Vacuolar protein sorting 34 (Vps34) is the sole Class III PI3K which phosphorylates PI to phosphatidylinositol 3-phosphate. Vps34 is known to play an important role in endocytosis and vesicular trafficking [18] [19] [20] , and has recently been reported to be essential for autophagy induction in response to nutrient availability [20] . Class I PI3Ks are often referred to simply as PI3Ks because they have been investigated far more than the other two classes. Phosphatidylinositol 4-kinases (PI4Ks) are a group of lipid kinases that phosphorylate PI to PIP at 4-OH. Mammalian PI4Ks were classified as types II and III based on their sensitivities to two specified inhibitors [21] . The so-called type I PI4Ks were later identified to be PI3K. By generating PIP, which is required for synthesis of PIP2, PI4Ks are also closely involved in cell signaling regulation, vesicular trafficking and endocytosis [22] . PI3K-related kinases (PIKKs), which are sometimes termed Class IV PI3Ks, are protein kinases with a similar structure to the catalytic subunits of PI3Ks. Examples of PIKKs include Figure 1 . Schematic structures of Class I, II, III PI3K, PI4K, and PTEN, and the related lipid reactions they catalyze. PI3K phosphorylates 3-OH of phosphoinositides. Class I PI3K preferentially phosphorylates PI(4,5)P2 to generate PI(3,4,5) P3. As a counterpart of class I PI3K, PTEN dephosphorylates PI(3,4,5)P3 to produce PI(4,5) P2. Class II PI3K phosphorylates PI(4)P and PI, to PI(3,4)P2 and PI(3)P, respectively. Class III PI3K phosphorylates PI to PI(3)P. In contrast to PI3K, PI4K phosphorylates PI at 4-OH to produce PI(4) P. PI: phosphatidylinositol; PI(4)P: phosphatidylinositol 4-phosphate; PI(3)P: phosphatidylinositol 3-phosphate; PI(4,5)P2: phosphatidylinositol 4,5-bisphosphate; PI(3,4,5)P3: phosphatidylinositol 3,4,5-trisphosphate.
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Acta Pharmacologica Sinica npg mTOR, DNA-dependent protein kinase (DNA-PK), and ataxia telangiectasia mutated gene product (ATM). These protein kinases are known to be involved in protein synthesis or DNA repair [23] . Class I PI3Ks are further divided into subclasses IA and IB based on their regulatory subunit and upstream regulator [14] . Class IA PI3Ks are mainly activated by various receptor tyrosine kinases (RTKs) and Ras [24] . There are three isoforms in Class IA including PI3Kα, PI3Kβ, and PI3Kδ, with the respective p110 catalytic subunit bound to the p85 regulatory subunit. Class IB PI3Kγ, which consists of catalytic subunit p110γ and a regulatory subunit p101 or p84. PI3Kγ is mainly activated by G-protein-coupled receptors (GPCRs) such as chemokine receptors [25] [26] [27] . While the PI3Kα and PI3Kβ are expressed ubiquitously, PI3Kδ and PI3Kγ are mainly expressed in leukocytes [28, 29] . In particular, PI3Kα is known to play an important role in tumorigenesis because a high frequency of gain-of-function mutations and amplification of PIK3CA, which encodes p110α, has been found in human cancers [30] [31] [32] [33] [34] . Additionally, PI3Kα was found to be involved in insulin signaling and glucose metabolism [35] . PI3Kβ was reported to activate platelets, suggesting a role in the development of thrombotic diseases [36] . Recently, various reports showed that PI3Kβ predominantly contributed to PIP3 production in PTEN (phosphatase and tension homolog deleted on chromosome ten, the catalytic counterpart of PI3K) negative cancers, suggesting the key role of PI3Kβ in the tumorigenesis with PTEN inactivation [37, 38] . PI3Kδ and/or γ inactivation leads to a severely impaired immune system [39, 40] , and blocks the recruitment of neutrophils to the sites of inflammation [41, 42] , suggesting that these two isoforms are involved in the immune system and inflammation. As the counterpart of PI3K, PTEN dephosphorylates PIP3 to produce PIP2. Like PI3K, PTEN is also closely involved in cancer since frequent loss-of-function mutations were found in various human cancers [43] . In addition, PI3K mutation and PTEN inactivation were reported to cause resistance to cancer therapies targeting the RTKs [44] . Thus, PI3K is thought to be an attractive target for cancer chemotherapy due to the high frequency in cancer with mutation and amplification of PI3Ks, inactivation of the counterpart PTEN, and mutation of RTKs [25] . As shown in Figure 2 , after activation by RTKs or Ras, PI3K phosphorylates PIP2 to produce PIP3, which is reversed by PTEN. PIP3 binds the PH (pleckstrin homology)-domain-containing protein kinases such as Akt and PDK, to activate and recruit them to the plasma membrane. Besides the direct activation by PIP3, Akt can also be regulated by PDK and mTOR complex 2 (mTORC2). Activation of Akt promotes cell cycle progression by regulating GSK3 (glycogen synthesis kinase 3) and the downstream cyclin D1, and by blocking forkhead (FOXO)-mediated transcription of Cdk (cyclin dependent kinase) inhibitor p27. Akt also acts to maintain cell survival through inhibition of BAD (Bcl2-antagonist of cell death). Furthermore, Akt promotes cell growth by phosphorylation of the downstream mTOR complex 1 (mTORC1) [45] , which translates mRNAs to protein via the p70S6K-S6 and 4E-BP1-eIF4E pathways [46] . In addition, hypoxia-inducible factor 1α (HIF-1α) was reported to be upregulated downstream of mTORC1, and therefore promotes angiogenesis by transcribing VEGF (vascular endothelial growth factor) [47] . However, phosphorylation of S6K negatively regulates insulin receptor substrate (IRS) and PI3K, leading to a feedback loop [48] [49] [50] . Thus, inhibition of mTORC1 activates upstream proteins such as PI3K and Akt [51] , and thereby attenuates the inhibition potency.
In recent years, development of PI3K inhibitors attracted a great deal of attention from both academia and industry. In particular, elucidation of the crystal structure of PI3Kγ [52] and those of its complexes with LY294002 and wortmannin [53] has facilitated new drug design and thus further accelerated the development of novel PI3K inhibitors. Presently, about a dozen novel PI3K inhibitors are being evaluated in clinical trials ( Table 2 ). Most of these drug candidates are pan-PI3K isoform inhibitors, with the exception of CAL-101 (also named IC87114) as a PI3Kδ specific inhibitor. Among the pan-PI3K isoform inhibitors, some exhibit selectivity over mTOR and DNA-PK, such as GDC-0941, XL-147, and BKM-120 [14, 54] , [14, 55, 56] (Table 2 ). Among the novel PI3K inhibitors, GDC-0941 and BEZ235 are the most intensively studied. Both compounds showed favorable efficacy in vitro and in vivo on various cancers without any obvious toxicity [23, [57] [58] [59] [60] . In addition to the investigation of these compounds as single agents, combinations of PI3K inhibitors with other drug candidates that have different molecular targets were also reported. In deed, a combination of a PI3K inhibitor with a MEK inhibitor was found to give enhanced efficacy in various tumor types [61, 62] .
ZSTK474, a promising PI3K inhibitor identified using the JFCR39 system ZSTK474 is an s-triazine derivative synthesized by Zenyaku Kogyo as an anticancer drug candidate together with more than 1500 other analogues [63] . Before its identification by the JFCR39 system, ZSTK474 showed promising antitumor efficacy, although the molecular target was unknown. In 2003, growth inhibitory activity of ZSTK474 was examined against the JFCR39 panel and its corresponding fingerprint was established. COMPARE analysis was then carried out by comparing the fingerprint of ZSTK474 with those of other antitumor drugs and chemical tools that have known molecular targets in the JFCR39 drug-activity database. Intriguingly, a high r value of 0.766 was found between the fingerprint of ZSTK474 and that of LY294002, a classical PI3K inhibitor [11] . Therefore, we predicted that ZSTK474 might also be a PI3K inhibitor.
Next, we investigated whether ZSTK474 directly inhibits the activity of PI3K. A novel non-radioactive assay method, known as homogenous time-resolved fluorescence (HTRF) assay, was utilized to measure the level of inhibition against human recombinant PI3Kα, β, δ, and γ. As a result, ZSTK474 inhibited all the 4 PI3K isoforms potently, with IC 50 values of 16, 44, 5, 49 nmol/L for PI3Kα, β, δ, and γ, respectively, suggesting that it is a pan-PI3K inhibitor [64] ( Figure 3A) . Docking analysis was performed by using the crystal structure of PI3Kγ-LY294002 as a model structure. As shown in Figure  3B , ZSTK474 binds with PI3K in the ATP-binding pocket. To demonstrate the mode of inhibition, the Lineweaver-Burk plots were developed based on a series of kinase reactions in the presence of various concentrations of ATP and ZSTK474. As shown in Figure 3C , the 1/v versus 1/[ATP] plots with different concentrations of ZSTK474 intersect on the 1/v axis, indicating that ZSTK474 competes with ATP in inhibiting PI3Kα. The same mode of inhibition is also exhibited for the other three PI3K isoforms [64] . To investigate the specificity of ZSTK474 as a PI3K inhibitor, we examined its inhibition against 139 known protein kinases [11] . As a result, no potent inhibition was shown even at a high concentration of ZSTK474 (30 µmol/L). We also checked its activity against other members of the PI3K superfamily, including class II and III PI3K, PI4K, and PIKK such as mTOR and DNA-PK. ZSTK474 was found to be a class I-specific PI3K inhibitor, by displaying selectivity over mTOR, DNA-PK, and other PI3K superfamily members. This characteristic is similar to that of GDC-0941, but different from NVP-BEZ235, which showed more potent activity against mTOR and DNA-PK than against class I PI3K [9, 65] . We also examined the growth inhibition profiles of these PI3K inhibitors across the JFCR39 panel and compared their fingerprints. Interestingly, ZSTK474 showed a more similar fingerprint with GDC-0941 (r=0.863), compared to that with BEZ235 (r=0.67) [9] , consistent with our biochemical assay results regarding the PI3K superfamily inhibition. We also compared the fingerprint of ZSTK474 with that of other PI3K inhibitors such as PX866 (a pan-PI3K inhibitor), PI-103 (a pan-PI3K inhibitor) and TGX-221 (a specific PI3Kβ inhibitor). All the r values are more than 0.5. In the case of the fingerprint of PI3Kβ isoform specific PI3K inhibitor TGX221, no higher difference was shown between the fingerprints of TGX221 and ZSTK474, compared with those of PI-103 and ZSTK474, suggesting JFCR39 might not predict the isoform specificity of PI3K inhibitor.
In vitro, ZSTK474 inhibited the growth of 39 human cancer [11] , ( Figure  4A ) and blocked cell cycle progression at G 0 /G 1 phase in various human cancer cells without obvious induction of apoptosis [11, 66] . The G 0 /G 1 arrest effect might be attributed to inactivation of cyclin D1, enhanced expression of p27, and the following pRB dephosphorylation [66] . Moreover, ZSTK474 showed potent anti-angiogenic effect [67] . In vitro, ZSTK474 inhibited HIF-1α expression and VEGF production in RXF-631L cells, and blocked the proliferation, migration, and tube formation of HUVECs (human umbilical vein endothelial cells) ( Figure 4B) . In vivo, a significant reduction of microvessel number was observed in tumor tissues of ZSTK474-treated RXF-631L xenografts, compared with those of vehicle-treated controls. The in vivo anti-angiogenic effect is attributed to its dual inhibition mechanism: inhibition of VEGF secretion by cancer cells and direct inhibition of PI3K in endothelial cells [67] . Oral administration of ZSTK474 indicated favorable in vivo antitumor efficacy on various cancer xenografts at both early and advanced stages, without any obvious toxicity [66] [67] [68] ( Figure  4C ). The expression of phospho-Akt (ser 473) correlates with antitumor efficacy, suggesting this could act as a predictive biomarker [68] . Given the favorable preclinical antitumor effect and safety of ZSTK474, the FDA of USA has recently approved the evaluation of this drug candidate in phase I clinical trials.
Discussion
As a bioinformatic drug discovery system, JFCR39 has made a significant contribution to drug development both in Japan and around the world [69] . Information from the JFCR39 system has facilitated the selection of many compounds for active development as anticancer drug candidates, some of which have entered clinical trials [70] . In particular, JFCR39 has become a well known platform for molecular-targeted anticancer drug discovery in Japan. We believe, with the support of JFCR39, the first molecular-targeted anticancer drug originally developed in Japan will be a reality.
An important issue in the development of PI3K inhibitors as antitumor drug candidates is whether dual inhibition of PI3K and mTOR is superior to specifically targeting PI3K. Dual inhibition is considered to enhance antitumor efficacy. However, dual inhibitors of PI3K and mTOR often further target DNA-PK, and are therefore thought to bring about unfavorable side-effect [71] . Thus far, the preclinical data do not indicate which type of inhibitor is advantageous overall, because both display favorable antitumor efficacy and safety. Indeed, the main companies involved in the development of PI3K inhibitors, including Novartis, Genentech, and Exelixis, are currently evaluating both types of PI3K inhibitors in clinical trials (Table 2) . Hence, a definite answer regarding the most desirable type of PI3K inhibitor will have to await the result of clinical trials.
As a novel PI3K inhibitor, ZSTK474 has displayed favorable antitumor efficacy in preclinical experiments. Given the key role of PI3K in fundamental cellular functions, such as growth, one might predict that PI3K inhibition will inevitably lead to serious side effects. Nevertheless, PI3K inhibitors such as ZSTK474 have exhibited favorable results concerning the safety [72] [73] [74] [75] [76] . Notably, XL-147 has entered phase II clinical trials, suggesting its clinical safety. In conclusion, the ongoing clinical evaluation on these PI3K inhibitors is expected to furnish a new class of molecular targeted anticancer drugs. [11] . (C) Lineweaver-Burk plot analysis of inhibition of PI3Kα by ZSTK474 [64] . The plots with various concentrations of ZSTK474 intersect on the 1/v axis. These results suggest that ZSTK474 competitively inhibits the binding of ATP to class I PI3K.
